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Abstract
Several types of striped patterns have been reported to cause adverse sensations
described as visual discomfort. Previous research using op-art-based stimuli has demon-
strated that spurious eye movement signals can cause the experience of illusory motion, or
shimmering effects, which might be perceived as uncomfortable. Whilst the shimmering
effects are one cause of discomfort, another possible contributor to discomfort is excessive
neural responses: As striped patterns do not have the statistical redundancy typical of natu-
ral images, they are perhaps unable to be encoded efficiently. If this is the case, then this
should be seen in the amplitude of the EEG response. This study found that stimuli that
were judged to be most comfortable were also those with the lowest EEG amplitude. This
provides some support for the idea that excessive neural responses might also contribute to
discomfort judgements in normal populations, in stimuli controlled for perceived contrast.
Introduction
Visual discomfort is an umbrella term describing the adverse effects encountered on viewing
certain visual stimuli, such as striped patterns (e.g. [1]), filtered noise patterns [2][3][4] and
text [5]. Reported sensations include headache, eyestrain, and perception of illusory shapes and
colours [1]. Discomfort encompasses many different sensations from multiple possible sources
[6]. For example, one source of discomfort is from accommodation-vergence conflict in stereo-
scopic images [7]. Another suggested source of discomfort is from eye movements, for example
convergence insufficiency, particularly in the case of text [8].
The sensation of shimmering is included under the term ‘visual discomfort’, and there are
several illusions that cause reports of shimmering in observers. Examples include MacKay’s
radial lines [9], as well as more recently the rotating-tilted-lines illusion [10][11] and the accor-
dion grating illusion [12], [13]. These illusions are of particular significance as those with
developmental dyslexia are less susceptible to such motion illusions, which could make these
tests an indicator of a deficit with gene DCDC2, a gene associated with the magnocellular path-
way [14]. Some op-art artists create works that evoke shimmering illusions, such as work by
Debbie Ayles, and Bridget Riley [2]. Op-art has been studied by researchers in order to investi-
gate the causes of these illusory effects [15]. In particular, Leviant’s illusion ‘Enigma’, has been
the centre of scientific debate. There are two types of illusory movement arising from this art-
work: circular motion from the rings and shimmering illusions from the radial lines [16]. It has
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been argued that the shimmering illusion is due to fluctuations in accommodation, the focus-
sing response of the eye [17]. It was also suggested that very small eye movements called micro-
saccades have an important role to play in the perception of shimmering [18]. Empirical
evidence has been found to support this claim in the case of the Enigma illusion [19], as well as
other illusions of motion based on geometric patterns [20][21][22].
Microsaccades are a class of eye movements typically found during attempted fixation. One
possible purpose for these fixational eye movements is to prevent the visual stimulus from fad-
ing (as a consequence of adaptive processes) [23][24][25], and to facilitate binocular fusion
[26]. Others have suggested that these movements have no purpose [27]. Mircosaccades tend
to occur at a rate of 1Hz [28]. However, approximately 50–150ms after presentation of a visual
stimulus there is a period of suppression, in that the frequency of microsaccade occurrence is
reduced. It is important to note microsaccades are not eliminated. This period is followed by
an increase in frequency of occurrence (rebound) in the time 200–300ms after stimulus onset
[29]. This pattern is called the microsaccade signature [30][31].
The role of microsaccades in causing visual discomfort and shimmering effects in op-art has
been investigated in a series of studies using stimuli based on the work of Bridget Riley, [32]
[33][16], see Fig 1 for an example. These stimuli are called ‘riloids’ and are defined by Eq (1). It
is possible to modulate the spatial frequency of the underlying grating by varying (λ), and to
manipulate the waviness of the curves by varying either the modulation amplitude (A) or wave-
length (μ). Waviness of the curves (either varying amplitude (A) or by varying wavelength (μ))
was found to predict the magnitude of the illusory effects reported by observers. This is
explained by the 2-dimensional visual-motion detection (2DMD) model [34], which uses an
array of motion detectors and signal detection theory to analyse an image and determine the
motion signals in the image that can be used to drive eye-movements. Further evidence for the
role of microsaccades in the illusion was obtained by using flash stimuli or pinhole displays to
reduce or negate the effects of these eye-movements. When the image was stabilised on the ret-
ina (using a flash) or the effects of accommodation reduced (by using a pinhole), the strength
of the shimmering illusion also diminished [32]. As well as illusions based on the Enigma illu-
sion, and the work of Bridget Riley, other illusions of motion are thought to rely on similar pro-
cesses: eye movements and local motion integration processes are thought to be responsible for
the illusory movement produced by the Ouchi-Spillmann illusion [35]. This suggests that eye-
movements, and eye-movements signals from these patterns, play a role in subjective effects
resulting from these particular stimuli.
While the above evidence suggests a causal role of eye movements in shimmering illusions,
there are indications that other factors that play a role in the perception of discomfort. For
example, the 2DMDmodel cannot account for the shimmering reported while viewing straight
lines [1]. Also, there are other subjective effects included in the term discomfort that are not
readily explained by the 2DMD eye movement explanation [36]. Another explanation for dis-
comfort is due to excessive neural responses [3], which might arise as a result of inefficient pro-
cessing. Investigations into discomfort in general (not restricted to purely shimmering) arising
from abstract images has shown that typically, stimuli judged as uncomfortable are ‘unnatu-
ral’—their spatial properties deviate from those typical of the kinds of images seen in everyday
viewing [2][3]. Natural images generally have a 1/fβ amplitude spectrum, where contrast ampli-
tude falls with increasing spatial frequency with β approximately 1—in the range 0.8 to 1.2 (e.g.
[37]). Thus one metric for defining unnaturalness is deviation from the 1/f amplitude spec-
trum—slope values further from 1, or non-linear amplitude spectra.
There is a large amount of literature suggesting that the visual system exploits the properties
typical of natural images in order to process them efficiently e.g. [38]. One example of an
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efficient code is sparse coding. In a sparse code, most of the neurons will not respond strongly
to a stimulus, whereas a few will convey most of the information by responding strongly. This
limits the number of active units needed to transmit the information, thus conserving meta-
bolic resources as far as possible. Evidence supporting this theory has come from the fit of cells
to the properties of images, for example [39][40][41]. Sparse coding has been applied to
account for the aesthetic appeal of both paintings e.g. [42][43][44] and buildings [45]. Accord-
ing to sparse coding, works of art occupy a sub-range of the variability seen in everyday images,
and is therefore able to be processed even more efficiently than natural images, resulting in the
artwork being considered ‘pleasing to the eye’ [42]. The converse of this argument would follow
that unnatural images are difficult to process, thus cause discomfort [3][46]. Spatial frequency
content has been demonstrated to have a role in discomfort arising from both striped patterns
[1] and filtered noise patterns [2]. Additionally, spatial frequency filtering can account for dis-
tortions in other, non-shimmering illusions [47], and has been suggested as an explanation for
the Oppel-Kundt illusion [48]. Zeki and colleagues demonstrated increased neural responses to
the Enigma illusion with their PET study [49]. Subsequent evidence also supports the idea of a
role of the cortex in the perception of the illusion [50] using both behavioural [51] and
Fig 1. Example riloid stimulus.
doi:10.1371/journal.pone.0139400.g001
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neurostimulation techniques [52]. Therefore, there is evidence for a contribution of neural
responses to the shimmering illusions.
At this point it should be highlighted that these different accounts, eye movement signals
and inefficient coding, are not mutually exclusive, moreover, it is likely that they coexist. The
different accounts could explain different aspects of visual discomfort, alternatively it is possi-
ble that microsaccades cause the neural responses. Although eye movements and neural
responses cannot be completely separated experimentally, the two spatial parameters of riloids
have slightly different predictions as to which discomfort mechanism they would predomi-
nantly influence. Stripe waviness (waviness μ) has already been predicted [34] and demon-
strated [32][33][16] to affect illusion strength from spurious eye movement signals. However,
previous work on discomfort in filtered noise would have predicted the spatial frequency (λ) of
the underlying sine wave of the riloid pattern to have an effect on discomfort, possibly through
inefficient coding [3], [46]. If it is the case that excessive responses are the cause of discomfort
in some images, then this should be measurable from electroencephalogram (EEG) responses.
Visual evoked potentials (VEP) are early evoked components over the occipital areas of the
brain occurring in response to visual stimuli. One typical component is the P100: a positive
peak at a latency of approximately 100ms. This component is thought to be associated with
early visual processing, which is the stage of processing where the theory of sparse-coding
applies [53]. EEG results show increased amplitude VEP [54][55] and differences in latency
[56] to those spatial frequencies to which humans are most sensitive. However, it is important
to consider potential confounding variables. It has been demonstrated behaviourally that the
visual system is differentially sensitive to spatial frequency content, leading to differences in
perceived contrast e.g. [57]. The differences in perceived contrast follow a tuning function for
spatial frequency at low levels of overall contrast (i.e., near detection threshold), called the con-
trast sensitivity function e.g. [57]. This tuning function is less pronounced when the overall
contrast is higher (i.e., clearly above detection levels). However, although the differences are
more equalised at higher physical contrasts, the tuning function is not completely flat even at
high contrasts [58], meaning that some spatial frequencies will simply appear to have higher
contrast than others, even though physically they are the same. As contrast itself affects dis-
comfort judgements of striped patterns [1], but effects of discomfort remain when using stimuli
of equal perceived contrast [4], it is important to control for the effects of perceived contrast
differences. Perceived contrast is also influenced by eye movements: Eye movements enhance
the perception of high spatial frequency content of a scene [59], making the high spatial fre-
quency content appear higher contrast than it physically is. Due to these potentially confound-
ing issues, it is important to control for the effects of perceived contrast. Therefore, whether
EEG responses match visual discomfort judgements in normal populations, once the effects of
the contrast sensitivity function are accounted for, remains unclear.
One difficulty with this line of argument is that microsaccades themselves are also influ-
enced by the spatial frequency content of the scene [60], therefore the two explanations appear
difficult to discriminate between in the case of spatial frequency contributions. However, the
sparse coding literature is mostly restricted to early visual processing, for example V1 [53]. Due
to the spatial dispersion of EEG responses, it is not possible to locate the source location of the
recorded activity precisely. However, P100 is a relatively early visual response, occurring
approximately 100ms post-stimulus, when the fewest microsaccades are expected to occur. It
must be emphasised that the influence of microsaccades cannot be separated from the ratings
of discomfort from the observers, however, it would be expected that their influence on the
P100 would be minimal.
In summary, the current study was designed to investigate whether there are greater VEP
responses from op-art-based images judged as more uncomfortable compared to those that are
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considered more comforable. If there is any evidence for the contribution of inefficient coding
in discomfort judgements, then spatial frequency manipulations will affect discomfort judge-
ments and VEP response magnitude, when stimuli are matched for differences in perceived
contrast.
Materials and Methods
Observers
Twenty young observers with corrected-to-normal vision took part in the study. None reported
migraine or epilepsy. All experiments were in accordance with the Code of Ethics of the World
Medical Association, and approved by the University of Lincoln ethics committee. Written
informed consent was obtained from all participants, and participants were reimbursed for
their time.
Apparatus
EEG was recorded with 2048Hz sampling rate with a 64 channel Active Two system (BioSemi,
Amsterdam), with 5 additional electrodes (two on the mastoids, two on the outer canthi of the
eyes, and the final one infraorbital on the right eye). During recording channels were refer-
enced to the common mode sense electrode (see http://www.biosemi.com/faq/cms&drl.htm
for more details). Incoming recordings were low pass filtered at 100Hz, and high pass filtered
at 0.16Hz to remove artefacts. Experiments were conducted in a darkened, electrically insulated
room. Head movements were not restricted, but participants were asked to remain as still as
possible, and to focus on the fixation cross.
Stimuli were presented using a Dell Optiplex 780, running Windows XP and a 22 inch Ill-
yama HM204DTA Vision Master Pro 514 Diamondtron U3-CRT monitor, calibrated with a
LS100 Mintola photometer. Screen resolution was 1024 x 786 pixels. All stimuli were generated
and presented using MATLAB and the Psychtoolbox [61][62][63].
Stimuli
Stimuli consisted of nine riloid patterns, based on the work of Zanker and colleagues [32][33]
[16], see Eq (1):
Iðx; yÞ ¼ 0:5 1þ sin 2p x  ðyÞ
l
 
ð1Þ
Where:
ðyÞ ¼ A sin 2p y
mðyÞ ð2Þ
Where: I(x,y) defines luminance as a function of the horizontal (x) and vertical position (y),
resulting in a sine wave of frequency λ, which varied between approximately 0.5, 3, and 9
cycles/degree, with phase modulated as ϕ (y), amplitude A was 0.94°, and wavelength (μ) was
straight (infinity approximated by 10000000000 pixels), 100, and 400 pixels (inf°, 2.93° and
11.74°). Stimuli were presented in a Gaussian-edged window subtending a visual angle central
region 5.94° and σ of 0.74°. Patterns reversed at a rate of 1Hz, changing polarity every 500ms.
Stimuli were presented centrally for 10s duration.
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Procedure
Prior to the main experiment, observers were asked to match stimuli for perceived contrast
using a self-adjustment procedure. Details of this task can be seen in S1 Fig. Each individual
was presented with their own perceptually matched stimuli based on their settings from the
contrast matching task. There were 9 stimuli, 3 levels of waviness (μ) x 3 levels of spatial fre-
quency (λ), flickered at 1Hz. Each stimulus was presented once per block in randomised order,
and there were seven blocks, with each stimulus presented once, resulting in 20 x 7 = 140 rever-
sals of the 1Hz flicker (one complete cycle consists of 2 reversals per second). Each stimulus
was presented centrally for 10s. A red fixation cross was presented throughout, and observers
were asked to keep as still as possible, fixating the cross. There was varying onset time for each
trial to prevent EEG locking to the start of the presentation [64]. When the stimulus disap-
peared, the observer was asked to enter their rating responses using the computer keyboard.
Participants could use any value between 0 and 99 to enter their response. Participants were
not instructed how much of the scale to use, nor were they given any training in order not to
bias their responses.
Analysis
Results were analysed using BrainVision Analyser and MATLAB. Behavioural responses were
subjected to a repeated-measures 2-way ANOVA, with spatial frequency (λ) and waviness (μ)
as factors, each with three levels. EEG responses were resampled from an original sampling
rate of 2048Hz to 256Hz, for ease of analysis, and band-pass filtered between 0.1 and 70Hz to
remove gross artefacts [65] and notch filtered at 50Hz to remove possible line noise. Channels
were re-referenced to the average of all channels. Each 10s segment was divided into 500ms
epochs based on stimulus presentation time, and a 50ms baseline before stimulus onset was
subtracted. Artefact correction [66] was used to remove eye movements from the data, using
the right canthus and FP1 as a reference. A threshold of +/-100waviness μV was used as crite-
rion for automatic rejection of artefacts. In previous research, components of interest have
included P1, N1, and P2 for describing the early response to spatial frequency tuned stimuli
[54]. In the current study, a component with a peak amplitude in the range 90–110ms was
defined as the component of interest, following previous literature e.g. [67], [65], which possi-
bly corresponds to P100, and will be referred to as such. Greenhouse Geisser corrections were
used where assumptions of sphericity were violated to adjust the degrees of freedom. Repeated-
measures post-hoc t-tests were used to explore any significant findings. Bonferroni correction
resulted in an alpha level of 0.008 (0.05/6).
Results
Discomfort Judgements
Behavioural results are plotted on the left-hand side of Fig 2, which shows spatial frequency
tuning for discomfort judgements. There is a main effect of spatial frequency (λ), and a main
effect of waviness (μ), but no significant interaction between waviness (μ) and spatial frequency
(λ). Post-hoc tests showed the tuning effect of spatial frequency to be driven by the high spatial
frequency stimuli: Averaging over waviness (μ), the effect of spatial frequency was driven by
the high spatial frequency stimuli being judged as less uncomfortable than the midrange spatial
frequency stimuli, and the low spatial frequency stimuli. There is no significant difference in
discomfort between the low and midrange spatial frequency stimuli when averaged over wavi-
ness. Post-hoc tests to explore the significance of waviness (μ) showed increased discomfort
judgements for the waviest lines (μ = 100) compared to the straight lines (μ = inf) only. The
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 6 / 18
Fig 2. Discomfort judgements (left) and VEP amplitude (right). Left Mean discomfort judgements against
spatial frequency (λ) for three levels of line waviness (μ). μ = 100 are the waviest, μ = inf are the straight lines.
Error bars are one standard error. Right Mean VEP amplitude against spatial frequency (λ), for three levels of
waviness (μ). μ = 100 are the waviest, waviness μ = inf are the straight lines. Error bars are one standard
error.
doi:10.1371/journal.pone.0139400.g002
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difference between the two wavy lines (μ = 100 and μ = 400) was not significant, and the
straight lines and the middling wavy lines (μ = inf and μ = 400) was also not significant. Over-
all, the highest spatial frequencies were less uncomfortable than both the other two spatial fre-
quencies, and the waviest lines were more uncomfortable than the straight lines only. Statistics
can be seen displayed in Table 1.
Visual Evoked Potentials
The grand average EEG response for the electrodes O1 and O2 are plotted in Fig 3. This shows
the EEG response averaged over valid trials, and then averaged over observers. As O1 and O2
were similar, results for O1 are reported. Fig 3 shows that signals returned to baseline before
the end of the 500 ms epoch. The peak amplitude P100 response for each observer was calcu-
lated as the maximum amplitude of the positive response within the time frame 90–110ms (cal-
culated from the baseline). This is plotted on the right hand side of Fig 2. There was a
significant main effect of spatial frequency (λ) on amplitude of the P100 component. There
was no effect of waviness (μ). The interaction between waviness (μ) and spatial frequency (λ)
was significant. Post-hoc tests showed a similar pattern to the discomfort judgements for
Table 1. Statistical Results.
Discomfort Judgements
3 x 3 Mixed ANOVA F df p η2
Spatial frequency (λ) 8.75 1.7,31.7 < 0.05 0.315
Waviness (μ) 8.40 2,38 < 0.05 0.307
Interaction (λ and μ) 1.02 4,76 NS 0.051
Post-hoc repeated measures t-tests t df p r
High vs low λ 3.56 19 < 0.008 0.589
High vs mid λ 4.95 19 < 0.008 0.709
Mid vs low λ 1.39 19 NS 0.282
100 vs 400 μ 2.50 19 NS 0.498
100 vs inf μ 3.43 19 < 0.008 0.618
400 vs inf μ 2.05 19 NS 0.426
VEP Responses
3 x 3 Mixed ANOVA F df p η2
Spatial frequency (λ) 18.90 2,38 < 0.05 0.499
Waviness (μ) 1.31 2,38 NS 0.065
Interaction (λ and μ) 8.73 4,76 < 0.05 0.315
Post-hoc repeated measures t-tests t df p r
High vs low λ 5.83 19 < 0.008 0.801
High vs mid λ 3.98 19 < 0.008 0.674
Mid vs low λ 1.46 19 NS 0.318
100 vs 400 μ 1.46 19 NS 0.318
100 vs inf μ -0.42 19 NS 0.096
400 vs inf μ -1.63 19 NS 0.350
Eye Movements
3 x 3 Mixed ANOVA F df p η2
Spatial frequency (λ) 2.55 2,38 NS 0.118
Waviness (μ) 2.55 2,38 NS 0.118
Interaction (λ and μ) 2.90 2.6,49.2 NS 0.132
doi:10.1371/journal.pone.0139400.t001
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spatial frequency. Averaged over waviness, responses to high spatial frequency stimuli were
lower on average than responses to low spatial frequency stimuli, and midrange spatial fre-
quency stimuli. There was no difference between low and midrange spatial frequency stimuli.
Although the right hand side of Fig 2 shows a different pattern for the waviest lines (μ = 100)
compared to the other two, there are no significant differences between the three levels of line
Fig 3. Time series of EEG.Mean EEG amplitude time series for three levels of spatial frequency (λ), for
leftmost plot waviness (μ) = 100 (waviest lines) through to rightmost plot waviness (μ) = inf (straight lines).
Top row = O1, bottom row O2.
doi:10.1371/journal.pone.0139400.g003
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 9 / 18
waviness. Overall, the highest spatial frequency stripes have lower P100 amplitude compared
to the lower spatial frequencies. Statistics can be seen in Table 1.
Eye movements
Eye movements were analysed by taking the average of the three ocular (EOG) channels, and
FP1, to form something similar to the ‘radial EOG’ of Keren et al., [68]. The aim was to see if
there is any systematic variation in the magnitude of gross eye movements between stimuli.
Pre-processing was minimal—the sampling rate of raw EEG was reduced to 256Hz and the
EEG data was re-referenced to the average of all electrodes. The raw EEG was split into 500ms
epochs. A measure was needed to see if there was any systematic variation between the nine sti-
muli for the overall amplitude of the eye movements. In order to characterise potential eye
movements, the absolute value of the amplitude over each epoch was taken. The whole time
series was integrated, to obtain one value for each repetition. The integral of each time series
was then averaged over repetitions. Results of a 3 x 3 repeated measures ANOVA show no
main effect of spatial frequency (λ), or waviness (μ), and no interaction on gross eye move-
ments (see Table 1 for statistics). The results can be seen in Fig 4. It must be highlighted that
this analysis will only demonstrate effects of gross eye movements, not any transient effects.
Individual Differences
Fig 5 shows the amplitude of the EEG response against average subjective ratings for each indi-
vidual observer. Each observer made a discomfort judgement at the end of each 10s presenta-
tion, and each presentation was repeated 7 times for each stimulus. The discomfort
judgdments were averaged over each of the 7 repetitions of each 10s stimulus presentation
period. The average P100 response for each 500ms epoch stimulus presentation within each of
the 7 x 10s stimulation periods was calculated. Therefore each point on the plot represents the
mean discomfort judgement and corresponding VEP amplitude for each of the nine stimuli.
Although some individuals seem to show positive trends, there are too few data points (nine
per observer) to reasonably investigate any relationship between them.
Discussion
The aim of this study was to investigate the possibility of excessive neural responses, possibly
arising from inefficient coding, contributing to visual discomfort in op-art-based stimuli. Neu-
ral response magnitude was defined as the peak amplitude of the P100 component of the VEP,
discomfort was measured by observer ratings on a 0–99 scale, entered using a computer key-
board. Results showed that stimuli rated as less uncomfortable were also those with the lowest
VEP amplitude, consistent with the predictions of excessive responses to uncomfortable sti-
muli. This result cannot be accounted for by contrast sensitivity alone, as the stimuli were first
individually matched for perceived contrast. Additionally, the higher spatial frequencies were
the ones with the highest physical contrast, thus in the opposite direction to be able to explain
discomfort judgements.
In our stimuli we varied two parameters: spatial frequency (λ) and line waviness (μ). Partici-
pant ratings suggested that both parameters had an effect on perceived discomfort. The waviest
lines were judged as more uncomfortable than either straight or middling wavy lines, consis-
tent with the idea that effects of microsaccades, outlined by Zanker and colleagues [32][33]
[16], contribute to perceived discomfort judgements in these riloid stimuli. There was no effect
of line waviness on P100 amplitude, as expected, as the P100 response would occur during the
suppression period of microsaccades [28]. As the P100 differences are not immediately
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Fig 4. Eyemovements.Mean amplitude for aggregate eye channel against spatial frequency (λ), for three
levels of waviness (μ). (μ) = inf are straight lines. Error bars are one standard error.
doi:10.1371/journal.pone.0139400.g004
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Fig 5. Individual correlations between discomfort judgements and VEP amplitude. Correlations
between discomfort judgements and VEP amplitude for each of the nine stimuli (each stimulus represented
by one point), plotted individually.
doi:10.1371/journal.pone.0139400.g005
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explicable by microsaccades, there is some support for the idea that excessive responses in the
early visual areas contribute to discomfort judgements as well.
EOG signals were measured alongside the EEG, to ensure that large eye movements, which
generally have a much stronger impact on the EEG signal than microsaccades, cannot explain
the results. EOG signals were used in two ways: 1) to filter the EEG responses and 2) to exam-
ine any systematic relationship between the strength of the EEG and the strength of the EOG.
There was no systematic effect of either spatial frequency (λ), or waviness (μ), on gross EOG
amplitude averaged over the whole 500ms presentation. In the current experiment, observers
were asked to fixate on the cross. When participants are informed their eyes are being tracked,
they are able to maintain fixation [69]. There is also evidence that in highly trained observers,
under certain conditions, microsaccades can be suppressed [23]. There are reports of some
individuals being able to suppress their eye movements, and then perception of illusory move-
ment is reduced [70]. Only simultaneous recording with a high performance eye tracker will
fully exclude an explanation of the results on the basis of microsaccades. Observers may well
have made fixational eye movements that could have contributed to their discomfort ratings.
However, as microsaccades have only minor effects on the P100 response, and the suppression
of microsaccades 100ms after stimulus onset [28], it is unlikely that microsaccades alone can
account for the results.
There is some variation in the peak location for discomfort in this study compared to previ-
ous work e.g. [1], [4], [71]. This is possibly due to differences in the exact spatial and temportal
characteristics of the stimuli used in the experiments, meaning it is not possible to make direct
comparisons between studies for spatial frequency. As participants were not restricted by a
chinrest, it is possible that there is some variation in the exact spatial frequencies presented to
each participant. Thus the spatial frequencies used are approximate, e.g. as ‘high’, mid’ or low’
spatial frequency components. As there are only three stimuli in each manipulation (three lev-
els of spatial frequency (λ), three levels of waviness (μ)), further work is needed to better char-
acterise the tuning function.
While on a group level, there was a relationship between discomfort ratings and VEP ampli-
tude, individual discomfort judgements were not predictable from EEG amplitude. It appears
that some individuals might show positive trends, for example, the first, the bottom left, and
the final individual (see Fig 5). Future studies should address this, particularly focussing on
more measurements per participant. It is likely that the discomfort estimates will be noisy, as
participants will have understood the scale differently. For example, differences in criterion
might be accountable for the lack of direct mapping of discomfort judgements and EEG ampli-
tude. Observers were given minimal instructions: They were reminded that there was no ‘cor-
rect’ answer, and that they could use as much of the scale as they felt necessary to report their
perceived discomfort. No training was given on how to use the scale, in an attempt to avoid
influencing observers’ judgements. It was understood that some observers might not feel any
discomfort on viewing the stimuli, whilst others might find them much more challenging to
look at. Additionally, EEG amplitude is not necessarily comparable across individuals, due to
differences in electrical conductance, the underlying neuron formation, and electrode place-
ment. Although removing the baseline reduces these effects, they will still be a level of noise in
the EEG data. Due to difficulties in comparing absolute VEP amplitudes and subjective ratings
across individuals, it is unsurprising that it is not possible to predict a particular individual’s
discomfort judgements based on their EEG responses. However, from the group results, it is
possible to say that some stimuli are, on average, challenging to look at for the normal
population.
The entire experiment was conducted on individuals taken from the general population, in
order to assess the natural variation in the population, without any initial screening. It might
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be possible to predict discomfort of different populations based on their VEP responses: The
severity of reported discomfort varies between individuals [72]. It could be argued that screen-
ing the sample population for susceptibility to visual discomfort (for example, using the Pattern
Glare Test [36]) might yield more extreme results, and therefore demonstrate a correlation
between EEG amplitude and discomfort judgements. However, prescreening in this fashion
might be considered circular, and therefore was not attempted. Discomfort judgements are typ-
ically more extreme for migraine populations (e.g. [73]). However, although there is also evi-
dence that migraineurs tend to report more discomfort, those susceptible to visual discomfort
actually represent a separate group [74], consisting of both migraineurs and headache-free
individuals, therefore it would not be valid to consider migraine and visual discomfort groups
as one and the same. The results of the current study show there is sufficient variation in the
ratings, and EEG amplitudes to show results for the general population, where the effect will
potentially be more subtle. This demonstrates an effect that is not restricted to clinical groups
or other pre-screened subgroups.
The current study shows increased amplitude VEP responses for the same stimuli that are
judged to be uncomfortable. This could be because uncomfortable stimuli result in non-sparse
responses from non-natural spatial frequency characteristics. This is not in disagreement with
previous research suggesting that shimmering illusions are due to microsaccades [18][32][33]
[16][19]. As Wade points out, op-art stimuli create a variety of perceptual effects, not just
shimmering [15]. Mon-Williams and Wann also acknowledged there is a role of the brain in
visual discomfort, in addition to shimmering illusions being most likely due to microsaccades
[18]. As visual discomfort is a general term [6], and observers were not given additional expla-
nation to their responses, it is possible that they would have considered both any shimmering
and additional effects they experienced in their ratings. Future research would be needed to
separate different aspects of discomfort and their causes, if, as suggested, they exist.
Conclusion
VEP response amplitude corresponded to discomfort judgements in the case of high spatial fre-
quencies, and this effect is not explicable by effects of perceived contrast. There is some support
that excessive responses, possibly as a result of inefficient coding, can explain some aspect of
discomfort from periodic stimuli in the general population. Line waviness (μ) also contributed
to perceived discomfort. As line waviness did not affect magnitude of VEP responses, it appears
that there are possibly two distinct contributors to perceived discomfort, eye movements as
well as neural responses.
Supporting Information
S1 Fig. Mean settings for the contrast matching experiment. Contrast is shown against spa-
tial frequency (λ) for three levels of waviness (μ). waviness (μ) = inf are the straight lines. Error
bars show one standard error. All individuals were presented with their own contrast settings
for the main experiment.
(TIF)
S1 Table. Minimal data set. Anonymised data contained in Excel file available from figshare:
http://dx.doi.org/10.6084/m9.figshare.1480915.
(XLSX)
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 14 / 18
Acknowledgments
The authors would like to thank Ferenc Igali and Heather Shaw for help in collecting the data,
and Paul Hibbard and Frouke Hermens for their helpful comments on the manuscript.
Author Contributions
Conceived and designed the experiments: LOH ADFC. Performed the experiments: LOH.
Analyzed the data: LOH PP ADFC. Wrote the paper: LOH PP ADFC.
References
1. Wilkins A J, Nimmo-Smith I, Tait A, McManus C, Della Sala S, Tilley A, et al. A neurological basis for
visual discomfort. Brain, 1984; 107(4), 989–1017. doi: 10.1093/brain/107.4.989 PMID: 6509314
2. Fernandez D, andWilkins A J. Uncomfortable images in art and nature. Perception, 2008; 37(7),
1098–1013. doi: 10.1068/p5814 PMID: 18773732
3. Juricevic I, Land L, Wilkins A J, andWebster M A. Visual discomfort and natural image statistics. Per-
ception, 2010; 39(7), 884–899. doi: 10.1068/p6656 PMID: 20842966
4. O’Hare L, and Hibbard P B. Spatial frequency and visual discomfort. Vision Research, 2011; 51(15),
1767–1777. doi: 10.1016/j.visres.2011.06.002 PMID: 21684303
5. Wilkins A J, Smith J, Willison C K, Beare T, Boyd A, Hardy G, et al. Stripes within words affect reading.
Perception, 2007; 36(12), 1788–803. doi: 10.1068/p5651 PMID: 18283929
6. Sheedy J E, Hayes J, and Engle J. Is all aesthenopia the same? Optometry and Vision Science, 2003;
80(11), 732–739. PMID: 14627938
7. Shibata T, Kim J, Hoffman DM, and Banks M S. Visual discomfort with stereo displays: Effects of view-
ing distance and direction of vergence-accommodation conflict. Proceedings of the SPIE: Stereoscopic
Displays and Applications, 2011; 78631, 1–9.
8. Jainta S, Jaschinski W., andWilkins A J. Periodic letter strokes within a word affect fixation disparity
during reading. Journal of Vision, 2010; 10(13), 2. doi: 10.1167/10.13.2 PMID: 21149306
9. MacKay DM. Moving visual images produced by regular stationary patterns. Nature, 1957; 180
(4591), 849–850. doi: 10.1038/180849a0
10. Gori S, and Hamburger K. A new motion illusion: The Rotating-Tilted-Lines illusion. Perception, 2006;
35, 853–857. doi: 10.1068/p5531 PMID: 16836050
11. Gori S, and Yazdanbakhsh A. The riddle of the Rotating-Tilted-Lines illusion. Perception, 2008; 37,
631–635. doi: 10.1068/p5770 PMID: 18546670
12. Gori S, Giora E, Yazdanbakhsh A, and Mingolla E. A newmotion illusion based on competition between
two kinds of motion processing units: The Accordion Grating. Neural Networks, 2011; 24, 1082–1092.
doi: 10.1016/j.neunet.2011.06.017 PMID: 21784613
13. Yazdanbakhsh A, and Gori S. Mathematical analysis for the Accordion Grating illusion: a differential
geometry aproach to introduce 3D aperture problem. Neural Networks, 2011; 24, 1093–1101. doi: 10.
1016/j.neunet.2011.06.016 PMID: 21782387
14. Gori S, Mascheretti S, Giora E, Ronconi L, Ruffino M, Quadrelli E, et al. The DCDC2 intron 2 deletion
impairs illusory motion perception unveiling the selective role of magnocellular-dorsal stream in reading
(dis)ability. Cerebral Cortex, 25(6), 1685–95. doi: 10.1093/cercor/bhu234 PMID: 25270309
15. Wade N. Movements in art: from Rosso to Riley. Perception, 2003; 32, 1029–1036. doi: 10.1068/
p3209ed PMID: 14651317
16. Zanker J M, Hermens F, andWalker R. Quantifying and modelling the strength of motion illusions per-
ceived in static patterns. Journal of Vision, 2010; 10(13), 1–4. doi: 10.1167/10.2.13 PMID: 20462314
17. Gregory R L. A comment: Mackay Rays shimmer due to accommodation changes. Proceedings of the
Biologicall Society, 1993; 22, 253, (1336), 123. doi: 10.1098/rspb.1993.0090
18. Mon-Williams M, andWann J P. An illusion that avoids focus. Proceedings: Biological Sciences, 1996;
263 (1370), 537–578.
19. Troncoso X G, Macknik S L, Otero-Millan J, and Martinez-Conde S. Microsaccades drive illusory
motion in the Enigma illusion. PNAS, 2008; 105(41), 16033–16038. doi: 10.1073/pnas.0709389105
PMID: 18843109
20. Otero-Millan J, Macknik S L, and Martinez-Conde S. Microsaccades and blinks trigger illusory rotation
in the ‘Rotating Snakes’ illusion. The Journal of Neuroscience, 2012; 32(17), 6043–6051. doi: 10.1523/
JNEUROSCI.5823-11.2012 PMID: 22539864
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 15 / 18
21. Ito H. Illusory object motion in the centre of a radial pattern: The Pursuit-Pursuing illusion. i-Perception,
2012; 3, 59–87. doi: 10.1068/i0430 PMID: 23145267
22. Bai Y, and Ito H. Effect of surrounding texture on the pursuit-pursuing illusion. i-Perception, 2014; 5,
20–40. doi: 10.1068/i0597 PMID: 25165514
23. Martinez-Conde S, Macknik S L, and Hube D H. The role of fixational eye movements in visual percep-
tion. Nature Reviews Neuroscience, 2004; 5, 229–240. doi: 10.1038/nrn1348 PMID: 14976522
24. Martinez-Conde S, Macknik S, Troncoso X G, and Dyar T A. Microsaccades counteract visual fading
during fixation. Neuron, 2006; 49(2), 297–305. doi: 10.1016/j.neuron.2005.11.033 PMID: 16423702
25. McCamyM B, Otero-Millan J, Macknik S L, Yang Y, Troncoso X G,Baer S M, et al. Microsaccadic effi-
cacy and contribution to foveal and peripheral vision. The Journal of Neuroscience, 2012; 32(27),
9194–9204. doi: 10.1523/JNEUROSCI.0515-12.2012 PMID: 22764228
26. Otero-Millan J, Macknik S L, and Martinex-Conde S. Fixational eye movements and binocular vision.
Frontiers in Integrative Neuroscience, 2014; 8(52), 1–10.
27. Kowler E, and Steinman RM. Small saccades serve no useful purpose: Reply to letter by R. W. Ditch-
burn. Vision Research, 1980, 20, 415–429. doi: 10.1016/0042-6989(80)90113-3
28. Engbert R, and Kliegl R. Microsaccades uncover the orientation of covert attention. Vision Research,
2003; 43, 1035–1045. doi: 10.1016/S0042-6989(03)00084-1 PMID: 12676246
29. Dimigen O, Valsecch M, Sommer W, and Kliegl R. Human microsaccade-related visual brain
responses. The Journal of Neuroscience, 2009; 29(39), 12321–12331. doi: 10.1523/JNEUROSCI.
0911-09.2009 PMID: 19793991
30. Hafed Z M. Alteration of visual perception prior to microsaccades. Neuron, 2013; 77(4), 775–786. doi:
10.1016/j.neuron.2012.12.014 PMID: 23439128
31. Rolfs M, Engbert R, and Kliegel R. Crossmodal coupling of oculomotor control and spatial attention in
vision and audition. Experimental Brain Research, 2005; 166, 427–439. doi: 10.1007/s00221-005-
2382-y PMID: 16032403
32. Zanker J M, Doyle M, andWalker R. Gaze stability of observers watching Op Art pictures. Perception,
2003; 32, 1037–1049. doi: 10.1068/p5128 PMID: 14651318
33. Zanker J M. Looking at Op-art from a computational viewpoint. Spatial Vision, 2004; 17(1-2), 75–94.
doi: 10.1163/156856804322778279 PMID: 15078013
34. Patzwahl D R, and Zanker J M. Mechanisms of human motion perception: Combining evidence from
evoked potentials, behavioural performance and computational modelling. European Journal of Neuro-
science, 2000; 12(1), 273–282. doi: 10.1046/j.1460-9568.2000.00885.x PMID: 10651882
35. Spillmann L. The Ouchi-Spillmann illusion revisited. Perception, 2013; 42, 413–429. PMID: 23866555
36. Wilkins A J, and Evans B J. Pattern Glare Test, IOOMarketing Ltd, London, 2001.
37. Tolhurst D J, Tadmor Y, and Chao T. Amplitude spectra of natural images, 1992; 12(2), 229–232.
PMID: 1408179
38. Barlow H B. Possible principles underlying the transformations of sensory messages. In Rosenblith, W.
A.., (Ed), Sensory Communication, JohnWiley and Sons, Inc, London, 1961; 246 (1317), 217–24.
39. Field D J. Relations between the statistics of natural images and the response profiles of cortical cells.
Journal of the Optical Society of America A., 1987; 7, 1113–1123.
40. Field D J. What is the goal of sensory coding? Neural Computation, 1994; 6, 559–601. doi: 10.1162/
neco.1994.6.4.559
41. Field D J. Wavelets, vision and the statistics of natural scenes. Philosophical Transactions: Mathemati-
cal, Physical and Engineering Sciences, 1999; 357, 2527–2542. doi: 10.1098/rsta.1999.0446
42. Graham D J, and Field D J. Statistical regularities of art images and natural scenes: Spectra, sparse-
ness and non-linearities. Spatial Vision, 2007; 21(1-2), 149–164. doi: 10.1163/156856807782753877
PMID: 18073056
43. Graham D J, and Field D J. Variations in intensity statistics for representational and abstract art, and for
art from Eastern andWestern hemispheres. Perception, 2008; 37(9), 1341–2913. doi: 10.1068/p5971
PMID: 18986061
44. Graham D J, and Redies C. Statistical regularities in art: Relations with visual coding and perception.
Vision Research, 2010; 50(16), 1503–1509. doi: 10.1016/j.visres.2010.05.002 PMID: 20580643
45. Vannucci M, Gori S, and Kojima H. The spatial frequencies influence the aesthetic judgement of build-
ings transculturally. Cognitive Neuroscience, 2014; 5(3-4), 142–9. doi: 10.1080/17588928.2014.
976188
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 16 / 18
46. Hibbard P B, and O’Hare L. Uncomfortable images produce non-sparse responses in a model of pri-
mary visual cortex. Royal Society Open Science, 2015; 2, 140535. doi: 10.1098/rsos.140535 PMID:
26064607
47. Bulatov A, Bertulis A, Mickiene L. Geometrical illusions: study and modelling. Biological Cybernetics,
1997; 77, 395–406. doi: 10.1007/s004220050399 PMID: 9433754
48. Giora E, and Gori S. The perceptual expansion of a filled area depends on textural characteristics.
Vision Research, 50, 2466–2475. doi: 10.1016/j.visres.2010.08.033 PMID: 20801140
49. Zeki S, Watson J D G, and Frackowiak R S J. Going beyond the information given: the relation of illu-
sory visual motion to brain activity. Proceedngs of the Royal Society of London B, 1993; 252, 215–222.
doi: 10.1098/rspb.1993.0068
50. Kumar T, and Glaser D A. Illusory motion in Enigma: A psychophysical investigation. PNAS, 2006; 103
(6),1947–1952. doi: 10.1073/pnas.0510236103 PMID: 16446435
51. Gori S, Hamburger K, and Spillmann L. Reversal of apparent rotation in the Enigma-figure with and
without motion adaptation and the effect of T-junctions. Vision Research, 2006; 46, 3267–3273. doi:
10.1016/j.visres.2006.03.009 PMID: 16757011
52. Ruzzoli M, Gori S, Pavan A, Pirulli C, Marzi C A, Miniussi C. The neural basis of the Enigma illusion: A
transcranial magnetic stimulation study. Neuropsychologia, 2011; 49, 3648–3655. doi: 10.1016/j.
neuropsychologia.2011.09.020 PMID: 21952193
53. Olshausen B A, and Field D J. How close are we to understanding V1? Neural Computation, 2005; 17
(8) 1665–99. doi: 10.1162/0899766054026639 PMID: 15969914
54. Plant G T. Transient visual evoked potentials to sinusoidal gratings in optical neuritis. Journal of Neurol-
ogy, Neurosurgery, and Psychiatry, 1987; 46, 1125–1133. doi: 10.1136/jnnp.46.12.1125
55. Parry N R A, Murray I J, and Hadjizenonos C. Spatio-temporal tuning of VEPs: Effect of mode of stimu-
lation. Vision Research, 1999; 39, 3491–3497. doi: 10.1016/S0042-6989(99)00098-X PMID:
10746121
56. Tobimatsu S, Kurita-Tashima S, Nakayama-Hiromatsu M, and Kato M. Effect of spatial frequency on
transient and steady-state VEPs: stimulation with checkerboard, square-wave gratings and sinusoidal
grating patterns. Journal of the Neurological Sciences, 1993; 118, 17–24. doi: 10.1016/0022-510X(93)
90239-U PMID: 8229046
57. Campbell F W, and Robson J G. Application of Fourier Analysis to the visibility of gratings. J. Physiol.,
1968; 197, 551–566. doi: 10.1113/jphysiol.1968.sp008574 PMID: 5666169
58. Georgeson M A, and Sullivan G D. Contrast constancy: deblurring in human vision by spatial frequency
channels. Journal of Physiology, 1975; 252(3), 627–656. doi: 10.1113/jphysiol.1975.sp011162 PMID:
1206570
59. Rucci M, Iovin R, Poletti M, and Santini F. Miniature eye movements enhance fine spatial detail. Nature,
2007; 477, 851–855.
60. McCamyM B, Otero-Millan J, di Stasi L L, Macknik S L, and Martinez-Conde S. Highly informative natu-
ral scene regions increase microsaccade production during visual scanning. The Journal of Neurosci-
ence, 2014; 34(8), 2956–2966. doi: 10.1523/JNEUROSCI.4448-13.2014 PMID: 24553936
61. Brainard D H. The Psychophysics Toolbox. Spatial Vision, 1997; 10(4), 433–436. doi: 10.1163/
156856897X00357 PMID: 9176952
62. Pelli D G. The Videotoolbox software for visual psychophysics: Transforming numbers into movies.
Spatial Vision, 1997; 10(4), 437–442. doi: 10.1163/156856897X00366 PMID: 9176953
63. Kleiner M, Brainard D, and Pelli D. What’s new in Psychtoolbox-3? Perception, 2007; 365 (ECVP Sup-
plement), s14.
64. Parker D M, Salzen E A, and Lishman J R. Visual-evoked responses elicited by the onset and offset of
sinusoidal gratings: latency, waveform, and topograhic characteristics. Investigative Ophthalmology
and Vision Science, 1982; 22, 675–680.
65. Souza G S, Gomes B D, Saito C A, da Silva Filho M, Silveria L C L. Spatial luminance contrast sensitiv-
ity measured with transient VEP: Comparison with psychophysics and evidence of multiple mecha-
nisms. Investigative Ophthamology and Vision Science, 2007; 48, 3396–3404. doi: 10.1167/iovs.07-
0018
66. Gratton G, Donchin E, and Coles MGH. A newmethod for off-line removal of ocular artefact. Electroen.
Clin. Neuro., 1983; 55, 468–484. doi: 10.1016/0013-4694(83)90135-9
67. ChenW T, Ko Y C, Yuan R Y, Hsiao F J, Wang S J, Lin C P, et al. Altered neuromagnetic responses to
pattern reversal visual stimulation in patients with migraine. Int. Congr. Ser., 2007; 1300, 531–534. doi:
10.1016/j.ics.2007.03.008
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 17 / 18
68. Keren A, Yuval-Greenberg S, and Deoull L Y. Saccadic spike potentials in gamma-band EEG: Charac-
terization, detection and suppression. NeuroImage, 2010; 49, 2248–2263. doi: 10.1016/j.neuroimage.
2009.10.057 PMID: 19874901
69. Hermens F. Fixation instructions influences gaze cueing. Visual Cognition, 2015; 23(4), 432–449. doi:
10.1080/13506285.2015.1042539
70. Kupin J J, Haddad GM, Steinman R M. Saccades in Neal’s’Square of Three’. Perception and Psycho-
physics, 1973; 14(2),298–300.
71. Huang J, Zong X, Wilkins A J, Jenkins B, Bozok A, and Cao Y. fMRI evidence that precision ophthalmic
tints reduce cortical hyperactivation in migraine. Cephalalgia, 2011; 31(8), 1–12. doi: 10.1177/
0333102411409076
72. Conlon E G, LovegroveW J, Chekaluk E, and Pattison P E. Measuring visual discomfort. Visual Cogni-
tion, 1999; 6(6), 637–663. doi: 10.1080/135062899394885
73. Marcus D A, and Soso M J. Migraine and stripe-induced visual discomfort. Archives of Neurology,
1989; 46(10), 1129–1132. doi: 10.1001/archneur.1989.00520460125024 PMID: 2803073
74. Conlon E, and Hine L. Visual search in migraine and visual discomfort groups. Vision Research, 2001;
41(23), 3063–3068. doi: 10.1016/S0042-6989(01)00204-8 PMID: 11704243
VEP Responses to Op-Art Stimuli
PLOS ONE | DOI:10.1371/journal.pone.0139400 September 30, 2015 18 / 18
